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[571 ABSTRACT 
A quasi four-level solid-state laser is provided. A laser 
crystal is disposed in a laser cavity. The laser crystal has a 
LuAG-based host material doped to a final concentration 
between about 2% and about 7% thulium (Tm) ions. For the 
more heavily doped final concentrations, the LuAG-based 
host material is a LuAG seed crystal doped with a small 
concentration of Tm ions. Laser diode arrays are disposed 
transversely to the laser crystal for energizing the Tm ions. 
8 Claims, 1 Drawing Sheet 
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QUASI FOUR-LEVEL TM:LUAG LASER 
STATEMENT OF GOVERNMENTINTEREST 
This invention was made with Government support under 
contract NAS1-19603 awarded by NASA. The Government 
has certain rights in this invention. 
CROSS-REFERENCE TO mATJ3D PATENT 
APPLICM’IONS 
FIG. 3 is a graph of the laser output energy versus optical 
pump energy for Samples I, II and m. 
DETAILED DESCRlpTION OF THE 
INVENTION 
Referring now to the drawings, and more particularly to 
FIG. 1, a diode-pumped laser is shown schematically and 
referenced generally by numeral 10. Laser 10 includes a 
laser crystal or rod 12 disposed along the reflective path axis 
This patent application is related to co-pending patent lo of a laser cavity defined by reflective elements or mirrors 14 
and 16. The reflective path axis of laser 10 is referenced in 
FIG. 1 by dashed mowed line 100. Accordingly, mirrors 14 
and 16 form a resonator. To create laser emission, one of 
mirrors 14 and 16 is substantially or completely reflective 
15 while the other must be partially transmissive at the lasing 
wavelength of laser rod 12. For purpose of this description 
element and mirror 16 is transmission so that laser 
light at the selected wavelength is emitted. The emitted laser 
2o light of laser 10 is referenced in FIG. 1 by mow 101. To 
excite laser rod 12 into laser emission, an excitation source 
application 4mAsHLAMp-puMpED Ho:Tm:a- 
:L~AG LASER”, sa. N ~ .  08/593.791, filed on J ~ .  29, 
1996. 
FIELD OF THE INVENTION 
ticularly to quasi four-level lasers operating at room tem- 
perature in the 2 pm wavelength region. 
BACKGROUND OF THE INVENTON 
The invention generally to lasers* and more Par- it will be assumed that &or 14 is the completely reflective 
Quasi four-level solid-state lasers operating in the 2 pm is provided near laser rod 12. For purpose of the present 
wavelength region are used for sensing wind velocity, as invention, the excitation source is a narrowband excitation 
optical pumps for mid-infrared parametric osci.Uaton. for source such as one or more laser diode arrays 18 that are 
remote sensing of water vapor or carbon dioxide, for medi- 25 positioned transversely to laser rod 12. 
cal applications such as laser angioplasty. for material pro- having a host 
cessing applications, and for communications. material based on lutetium aluminum garnet (LuAG) that is 
In general, quasi four-level lasers operating in the 2 pn doped with thulium (Tm) ions. More specifically, the host 
wavelength region utilize laser material made from a host material is either a pure L U G  seed crystal or a L U G  seed 
material doped with laser active ions from the group of rare 30 crystal doped with concentrations of between about 2% and 
earth ions such as holmium (Ho) and thulium (Tm), transi- 4% Tm ions. The percent concentration is defined herein as 
tion metal ions such as chromium (Cr) or combinations the percentage of Tm doping ions that are measured as being 
thereof. The host materials for such lasers come from the present in the doped material. 
group of crystals such as YAG, YLF, YSGG, GSGG, GSAG, The rods used for laser rod 12 were fabricated from 
YSAG- YdO. GGG, YGG and LLGG- TO date, the 35 crystals grown with the Czochralski method. The raw mate 
Tm:YAG and Tm:YLF lasers have provided the best per- rials used were four nines pure ~~~o~ with major impurity 
fOrmanCe for diode-pumped, quasi four-level lasers operat- being T~ at 300 parts in 106 bPm), and five nines plus pure 
ing at room temperature. However, the thresholds Of these  AI,^,. The materials were mixed with 0.005 excess Lu,O, 
lasers are relatively high which can lead to thermal stresses to a fom,,lation of ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ , + l ~ o ~ ~  ne mixing 
in the laser crystals or rods as higher input energies are ,-ible had a 0.45 liter capacity and was made of pure %dim 
metal. Melting was accomplished in a radio-frequency 
heated zirconia furnace. 
The seed crystal was fabricated from a (111) oriented 
Accordingly, it is an object of the present invention to 45 LUG rod. F~~ the smaller final concentrations of T~ 
provide a quasi four-level laser that operates at room tem- doping, T~ ions were mixed with a host material that 
perature and has a reduced threshold for laser action. consisted of a pure LuAg seed crystal. However, for the 
Other objects and advantages of the present invention will more heavily doped final concentrations of Tm, the host 
become more obvious hereinafter in the specification and material was a doped LuAG seed crystal. More specifically, 
drawings. Sample I is based on a host material of a pure LuAG seed 
In accordance with the present invention, a quasi four- crystal that is doped to a final concentration of 2% Tm ions. 
level solid-state laser is provided. A laser cavity is defined by Sample II is based on a host material of a 2% Tm-doped 
reflective elements aligned on a common axis to form a LuAG seed crystal that is then doped to a final concentration 
reflective path therebetween. A laser crystal or rod is dis- of 4% Tm ions. Sample III is based on a host material of a 
posed in the laser cavity along the common axis. The laser 55 4% Tm-doped LuAG seed crystal that is then doped to a 
crystal has a LuAG-based host material doped to a final final concentration of 7% Tm ions. 
concentration between about 2% and about 7% thulium A Tm-doped LuAG seed crystal for the more heavily 
(Tm) ions. A narrowband energizing source such as laser doped final concentrations of Tm is used because there is 
diode array(s) are disposed transversely to the laser crystal some lattice mismatch when the more heavily doped 
for energizing the Tm ions. 60 Tm:LuAG crystal is grown using pure LuAG as the seed 
L~~~~ rod 12 is a crystal laser 
, required. 
SUMMARY OF THE ‘INVENTION 
crystal. By starting with a seed crystal that is doped to a 
lesser or equal concentration of Tm ions as compared to the 
final Tm ion concentration, a laser crystal of improved 
optical quality is achieved since stresses and strains present 
For all samples, a growth rate of 2.5 mm/hr was used. The 
growth was manually controlled to maintain a crystal diam- 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic of the diode-pumped Tm:Cr:LuAG 
FIG. 2 is an end view of the laser rod showing the 65 during Crystal growth are w h ~ e d .  
laser according to the present invention: 
positions of the laser diode arrays according to one embodi- 
ment of the invention: and 
5,640,408 
3 4 
eter of approximately 25 mm. Crystals were 70 to 133 mm of the p u m  radiation makes two passes through laser rod 12 
in length.-Samples I: II and III were examined visually fm 
scatter using both white light and a He-Ne laser. No scatter 
visible to the naked eye was observed. Concentrations were 
measured spectrephotometrically, and the distribution coef- 
ficients were determined to range from 0.86-0.90. 
An absorption spectrum was taken on a Tm:LuAG sample 
in the spectral region around 0.8 p. Using these results, the 
absorption efficiency was calculated as a function of the 
center wavelength of the diode array. Based on these results, 
for a diode array spectral bandwidth of 0.003 pm, the 
optimum wavelength for the laser diode arrays is 0.782 p. 
Thus, Tm:LuAG is compatible with GaALAs diode pump 
The lifetime of the 3F4 was measured to be 10.2 ms in all 
three Tm-LuAG samples. The lifetimes of all the Tm:LuAG 
samples available were measured by the use of the diode 
arrays to excite the Tm:LuAG samples. Initially, the fluo- 
rescence around 2.0 p was nonexponential as the Tm 3H4 
manifold relaxed. To obtain the lifetime, the data from 5 to 
10 ms beyond the end of the pump pulse were curve fitted 
to a simple exponential. 
The effective stimulated-emission cross section at 2.023 
pm is 0 . 3 0 ~ 1 0 - ~ m ~ .  The effective stimulated-emission 
cross section at 1.969 pm, which is near the local peak 
absorption of liquid water, is 0.18~10-~m*. Comparable 
values of the cross sections at these two wavelengths make 
this laser a potential candidate for processes associated with 
water absorption. 
Three GaALAs laser diode arrays, i.e., laser diode arrays 
18. were arranged symmetrically about the periphery of the 
various Tm:LuAG samples used for laser rod 12. The three 
laser diode arrays were used to transversely pump the 
Tm:LuAG laser. The center wavelength of the laser diode 
arrays was 0.782 pm. The optical output of the diode arrays 
was measured in a separate experiment with a calibrated 
integrating sphere to collect all the diode array output 
energy. When pulse lengths of 1.0 ms were used, the 
maximum optical energy available from the laser diode 
arrays was 1.1265. 
Laser 10 was operated at room temperature, e.g., between 
about 15" C. to 21" C.. for each of Samples I. II and m. Such 
operation is characterized as maintaining laser rod 12 in a 
room temperature environment during operation of laser 10. 
Performance data was recorded using the above-described 
arrangement of laser diode arrays. 
Each of Samples I, II and III was 4.0 mm in diameter and 
10.0 mm in length to correspond with the length of the diode 
arrays. End surfaces of each sample rod were flat and normal 
to the axis of the sample rod and antireflection coated at 2.1 
p. Lateral surfaces of each sample rod were finished with 
a fine grind. 
Use of three symmetrically placed laser diode arrays 
provided an efficient. transverse-pumping coupling geom- 
etry. As shown in FIG. 2, arranging diode arrays 18 120" 
apart provided a geometry in which each diode array faced 
a corresponding reflectorheat sink 19 in contact with and on 
the opposite side of laser rod 12. Each of reflectorsheat 
sinks 19 had a face 19A with a width of approximately 1.5 
mm. Each face 19A was diametrically opposed to one of 
laser diode arrays 18. A gold coating on each reflector face 
19Aprovided for a high reflectivity around 0.8 p. Because 
the refractive index of LuAG is high (approximately 1.9). 
the divergence of the diode arrays is reduced considerably 
thereby permitting most of the pump radiation to be reflected 
backinto laser rod 12 by each reflector face 19A. Thus, most 
ing. 
which^incieases the absorption &ciency. A&ordingly, an 
odd number of transversely position laser diode arrays 
placed symmetrically about laser rod 12 is preferred. 
5 Reflectorsheat sinks 19 can also aid in maintaining laser rod 
12 in proper position and can act as heat sinks since they are 
generally made of metal that is in contact with laser rod 12. 
An additional advantage of using a transverse pumping 
source(s) is that laser power is easily increased without 
10 compromising efficiency since any length of laser rod can be 
accommodated simply by adding pump heads along the 
length of the rod. 
Mirror 14 was a 0.8 m radius-of-curvature highly reflect- 
ing mirror while mirror 16 was a flat output coupler with a 
15 preferred reflectivity of 0.98. Separation between mirrors 14 
and 16 was 0.5 m with laser rod 12 being approximately 
centered therebetween along reflective path axis 100. With 
this arrangement, the TEM, beam radius in the laser rod 
was approximately 0.6 mm which is considerably smaller 
20 than the laser rodradius. Pulse-repetition frequency for these 
experiments was 1.0 Hz to avoid thermal focusing. 
With laser 10 configured as described. laser operation was 
achieved for each of Samples I, II and IIL Laser operation 
with lower-reflectivity output mirrors requires significantly 
25 more pump energy because the stimulated-emission cross 
section of the Tm 3F4 to 3H, transition is sma l l  Results for 
the laser rods with the three merent concentrations of Tm 
are shown in RG. 3 where curve 20 represents Sample II, 
curve 22 represents Sample I, and curve 24 represents 
30 Sample III. Laser performance criteria, e.g., threshold, slope 
efficiency and wavelength, are given below in Table 1 for 
each of Samples I, II and m. 
35 Mirmr Wave- 
Reflec- Threshold length 
Sample tivity (9 Effinmcy (!a 
I 0.98 0.556 0.1186 2.0225 
II 0.98 0.494 0.1693 2.0238 
0.98 0.731 0.2036 2.0336 411 = 
Laser operation with output mirrors of lower reflectivities 
was not possible because of the low gain of the Tm transition 
and the limited about of pump energy. Only Sample II 
45 produced useful output with any mirror except the highest 
available reflectivity of 0.98. For example, laser operation of 
Sample II was obtained with a 0.95 reflecting output minor. 
However. threshold increased by a factor of approximately 
1.5 to 0.7775. 
The threshold does not increase as fast as the Tm con- 
centration increases thereby indicating that the increased 
absorption efficiency (and possibly the increased quantum 
efficiency) tends to offset the increased population density in 
the lower laser level. Calculated absorption efficiencies as 
55 the final Tm concentration increases from 2% to 4% support 
this contention. As the final Tm concentration increases from 
4% to 7%. the threshold increases more rapidly, although not 
as fast as the concentration. This supports the observation 
that the absorption efficiency is still increasing but not as fast 
Slope efficiency increases with increasing final Tm con- 
centration almost exactly at the same rate as absorption 
efficiency increases with Tm concentration thereby indicat- 
ing a nearly constant quantum efficiency. Although optical 
65 transparency is required for threshold to be achieved, slope 
efficiency depends only on incremental changes in the 
energy delivered to the upper laser manifold with increasing 
50 
60 as the Tm concentration. 
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optical pump energy. As such, slope efficiency depends 
directly on the product of the absorption and quantum 
efficiencies, both of which can increase with increasing Tm 
concentration. The ratio of the absorption efficiencies for 
Sample 1 to Sample to Sample m is 1.001.45:1.72, and 5 
the ratio of the differential absorption efficiencies is 
1.00:1.43:1.71. Since the ratios are nearly the same, the 
quantum efficiencies can be considered to be the same. 
a narrowband energizing source is disposed transversely 
to said laser crystal for energizing said Tm ions, said 
laser crystal requires a lower threshold energy when 
compared to other quasi four-level lasers operating in 
as in  1 
is at least one 
the 2 p wavelength region. 
2. A quasi fow-level solid-state laser 
wherein said narrowband energizing 
laser diode array. 
The 
@ation Of Tm in the laser rod' The 
Of the laser depends On the final 3. A quasi fo~-level  solid-state laser crystal as in claim 2 
Of the lo wherein said at least one laser diode array is a G a s  laser 
Tm:LuAG was measured with a 0.5-m Ebert monochroma- 
tor with a 600 g/mm grating. The output of the monochro- 
mator was detected with an InSb detector and recorded as a 
function of wavelength. The peak emission wavelength was 
approximately 2.034 p for Sample III. 
Operation of the laser rod with the higher Tm concentra- 
tion at a longer wavelength is not unexpected. with a higher 
concentration. achieving optical transparency is more difli- 
cult because the population density of the lower laser level 20 
is directly proportional to the Tm concentration. 
Presumably, the longer wavelength is associated with a 
higher level in the lower laser manifold, which would have 
a lower thermal occupation factor and probably a lower 
effective stimulated emission cross section. 
The advantages of the present invention are numerous. 
The quasi four-level Tm:LuAG laser operates at room 
temperature and achieves a low threshold of less than 0.5 J 
of total optical energy provided by laser diode arrays posi- 
tioned transversely to the laser rod. Optical quality of the 30 
laser rod for the more heavily doped Tm concentrations is 
improved by starting with a seed crystal of LuAG doped 
with a small concentration of Tm ions that is less than the 
final concentration of Tm ions. 
specific embodiment thereof, there are numerous variations 
and modifications that will be readily apparent to those 
skilled in the art in light of the above teachings. It is 
therefore to be understood that, within the scope of the 
appended C1-7 the invention mY be Facticed Other than 40 
as specifically described. 
What is claimed as new and desired to be secured by 
Letters Patent of the United States is: 
improved optical quality. comprising 
diode array. 
4. A quasi four-level solid-state laser crystal as in claim 1 
wherein said LuAG-based host material is a LuAG seed 
wherein said final concentration of Tm ions is about 4% Tm 
ions. 
5. A quasi four-level solid-state laser rod having improved 
optical quality for use in 
a laser cavity maintained at room temperature and defined 
by a first reflective element that is completely reflective 
and a second reflective element having a reflectivity of 
0.98, said first reflective element and said second 
reflective element being aligned on a common axis to 
form a reflective path therebetween, said laser rod 
disposed in said laser cavity along said common axis, 
said laser rod comprising a LuAG-based host material 
doped to a final concentration of Tm ions between 
about 4% and about 7% Tm ions, wherein said LuAG- 
based host material is a LuAG seed crystal doped with 
a concentration of between about 2% to 4% Tm ions 
where said concentration of between about 2% to 4% 
Tm ions is less than said final concentration of Tm ions, 
wherein said improved optical qu*ty results as lattice 
mismatch present during growth of said laser rod is 
reduced, and wherein when 
a plurality of laser diode arrays is disposed transversely to 
and symmetrically about said laser rod for energizing 
said Tm ions, said laser rod requires a lower threshold 
energy when compared to other quasi four-level lasers 
operating in the 2 pm wavelength region. 
6. A quasi four-level solid-state laser crystal as in claim 5 
found to be a p p r o h t e l y  2.023 p f o r  Samples 1 and and 15 crystal dopedwith a concentration Of about 2% Tm ions, and 
25 
Although the invention has been described relative to a 35 
1. A quasi four-level solid-state laser Crystal having wherein each of said plurality of laser diode arrays is a 
45 GaAlAs laser diode array. 
a LuAG-based host material doped to a final concentra- 7. A quasi four-level solid-state laser crystal as in  claim 5 
tion of Tm ions between about 4% and about 7% Tm wherein said plurality of laser diode arrays comprises an odd 
ions, wherein said LuAG-based host material is a number of laser diode arrays. 
LuAG seed crystal doped with a concentration of 8. A quasi four-level solid-state laser crystal as in claim 5 
between about 2% to 4% Tm ions where said concen- 50 wherein said LuAG-based host material is a LuAg seed 
tration of between about 2% to 4% Tm ions is less than crystal doped with a concentration of about 2% Tm ions, and 
said final concentration of Tm ions, wherein said wherein said final concentration of Tm ions is about 4% Tm 
improved optical quality results as lattice mismatch ions. 
present during growth of said laser crystal is reduced, 
and wherein when * * * * *  
